Abstract Mn 3 O 4 nanoparticles were synthesized from one-step reduction of KMnO 4 with glycerol at 80°C. The structural and surface morphological characterizations were carried out using FT-IR, XRD, and FESEM analyses. The elemental composition was evidenced from EDX analysis. XRD analysis showed the tetragonal crystal geometry of Mn 3 O 4 nanoparticles with an average crystallite size of ∼20 nm. The surface morphology of the Mn 3 O 4 nanoparticles was found to be spherical from the FESEM image. The Mn 3 O 4 nanoparticles were then tested as a potential oxidant for the decolorization of methylene blue (MB) and found to be capable of N-demethylation of MB forming thionine as the final product, and removing 80% of the dye in approximately 1 h. The decolorization of MB by Mn 3 O 4 occurred through a surface mechanism, i.e., formation of surface precursor complex between MB and surface-bound Mn (II, III), where, electron transfer occurs within the surface complex. The effect of suspension pH (3-4 < pH pzc ; 5-10 > pH pzc ) on MB decolorization was assessed. Suspension pH exerted double-edged effects on MB decolorization by influencing the formation of surface precursor complex, and reducing potential of the system.
Introduction
During the dyeing process, about 15% of the total world production of dyes is lost and released in the textile effluents [1] . Discharging of the untreated textile effluents into water is one of the major sources of water contamination [2] . The presence of dyes in water reduces light penetration and hinders photosynthesis in aquatic plants [3] . Moreover, many of the dyes are reported to have low biodegradability and are highly carcinogenic [4] . It is, therefore, essential to treat the dye effluents before discharging into the receiving water. As the international environmental standards (ISO 14001:2015) are stringent, a number of technological systems have been recently developed for the removal of organic pollutants, such as dyes. Among them, the most commonly used methods are physical methods such as adsorption [5] , biological methods such as biodegradation [6] , and chemical methods such as chlorination and ozonation [3] .
Advanced oxidation technologies have attracted considerable attention as an emerging technology leading to the total mineralization of most of the organic pollutants. As manganese (Mn) oxides are powerful oxidants having high-reducing potential, for pollution remediation purpose, land-born natural Mn ores, synthetic nascent state Mn oxides, and materials coated/modified with Mn oxides have been tested as oxidants for degradation of organic pollutants [7, 8] . It has already been reported that oxides and hydroxides of Mn 3+ and Mn 4+ can oxidize a variety of natural and xenobiotic organic compounds such as catechol, quinines, substituted phenols, aromatic amines, pesticides, and explosives (e.g., TNT) [9] [10] [11] [12] [13] . Trimanganese tetraoxide (Mn 3 O 4 ) is a mixed oxide of Mn containing both di-and tri-valents of Mn. Reducing potential of Mn 3 O 4 is higher than that of other Mn oxides [14] .
In view of strong oxidative property of Mn 3 O 4 , it seems to be interesting to evaluate possible application of Mn 3 O 4 as an effective oxidant for the degradation of organic contaminants in water. In the present study, methylene blue (MB) was chosen as a model of organic contaminants as it is the most commonly used dye in the textile industry [15] that can result in permanent burns to the eyes of humans and animals, nausea, vomiting, profuse sweating, mental confusion, and methemoglobinemia [16] . The decolorization of MB using Mn 3 O 4 was studied by a number of workers [17, 18] ; however, the mechanism of decolorization is not well evident. As a result, a detailed mechanism of the MB decolorization by Mn 3 O 4 is inevitable. Consequently, in the present study, it was attempted to evaluate the probable mechanism of MB decolorization along with identifying the intermediate degraded products distinctly, degraded by Mn 3 O 4 nanoparticles.
Experimental Materials and Reagents
The materials and reagents used in this work included potassium permanganate (KMnO 4 ; Merck, India), glycerol (C 3 H 8 O 3 ; JHD, China), sulfuric acid (H 2 SO 4 ; E. Merck, Germany), sodium chloride (NaCl; E. Merck, Germany), sodium hydroxide (NaOH; BDH), hydrochloric acid (HCl; E. Merck, Germany), methylene blue (C 16 H 18 ClN 3 S; E. Merck, Germany), and methanol (CH 3 OH; E. Merck, Germany). All the solutions were prepared with de-ionized water with a resistivity of 18.1 MΩ cm −1 . All the chemicals were analytical grade and used without further purification.
Synthesis of Mn 3 O 4 Nanoparticles
Mn 3 O 4 was prepared by a gel-formation route based on reduction of KMnO 4 with glycerol in de-ionized water. The gel precursor was obtained by adding 50 mL 0.4 M glycerol into 100 mL 0.3 M KMnO 4 solution drop wise under intensive stirring for 60 ± 10 s. The gel was formed within few seconds. The solution was set aside to gel, undisturbed for 24 h. The gel was heated at 80°C. Then, the residue was centrifuged and washed with de-ionized water to remove any impurities. Subsequently, the brown product was dried in an oven at 80°C and stored in a desiccator until its use in the experiments.
Experimental Procedure X-ray diffraction (XRD) analysis was carried out using X-ray powder diffractometer (Philips PANalytical X'PERT-PRO) equipped with CuKα radiation (1.5418 Å). Crystallographic data (space group) were determined by using HighScore software. The Rietveld refinement technique [19] was used for the identification of crystalline structures of the samples. Surface morphology was carried out by field emission scanning electron microscopy (FESEM, model no. JEOL JSM 7600F). The elemental contents were evidenced by energy dispersive X-ray (EDX) spectroscopy (JEOL JSM 7600F). Fourier transform infrared (FT-IR) spectra were recorded on a spectrometer (Jasco-FTIR-6300) in the wave number range of 4000-400 cm −1 on KBr pellets. A UV-vis spectrophotometer (Shimadzu-1800, Japan) was employed to monitor the degradation of MB spectroscopically. The degraded intermediates were monitored by high-performance liquid chromatography (HPLC, Jasco, Japan).
Analytical Methods
Several experimental techniques were employed in order to characterize the Mn 3 O 4 nanoparticles. Elemental analysis was performed by EDX spectroscopy method, structural characterization was carried out by using FT-IR spectroscopy and XRD techniques, and surface morphology was monitored using FESEM technique. The point of zero charge, pH pzx , was determined by acid-base titration method following the procedure adopted previously [20] for a powder sample. In brief, the method is as follows: Exactly 0.5 g of Mn 3 O 4 was taken in four different reagent bottles each. Then, 0.1 M 50 mL NaCl solution was added to each bottle. The sample solution was agitated for 24 h at low speed in a shaker. Then, the suspensions were observed in each bottle. Contents of the two bottles were titrated, one with 0.05 M HCl and another with 0.05 M NaOH using a microburette (±0.01 mL). The pH values were noted carefully after addition of each drop of titrant (acid or alkali). Contents of other two bottles were filtered with sintered crucible, and the supernatant thus obtained were titrated with 0.05 M HCl and 0.05 M NaOH separately as before. The experiments were carried out in the same way for the 0.01 M and 0.001 M NaCl solutions.
Decolorization experiment was carried out in a glass beaker containing 100 mL of 30 μM MB dye solution maintaining the medium with pH 3. Then, 10 mg of Mn 3 O 4 nanoparticles was added to the dye solution. The mixture was kept undisturbed and allowed to react at room temperature. The progress of decolorizaion was assessed by spectroscopic measurements of the mixture at different time intervals. To investigate the effect of pH on the decolorization process, an experiment was also performed at different pH values keeping the amount of Mn 3 O 4 and the dye concentration constant. In order to analyze the oxidative degradation process of MB, the degraded products were enriched by 100 times. Before analysis, the samples were filtered through millipore discs of 0.45 μm to protect the chromatographic column. HPLC monitoring was carried out using an UV absorbance detector (UV-2070 plus) operated at 280 nm coupled to a C18 Hs (Kyta Tech) column.
Results and Discussion
Characterization of Mn 3 O 4 Nanoparticles
EDX Analysis
The chemical composition of the prepared sample was analyzed using EDX analysis as shown in Fig. 1 . The lines observed at 5.90, 6.52, and 0.64 keV are associated for K (α, β) and L lines of the Mn element, respectively. The EDX line at 0.52 keV represents K line of the O element. The lines identified in this EDX assigned to Mn and O (Fig. 1 ) agree with those found in a previous report [21] . The quantification result of the EDX data provided the percentage of each element with energy distribution present in the matrix which allowed us to obtain directly the composition of the samples. Accordingly, the composition of Mn and O in the prepared samples was 71.52 and 24.48%, respectively, indicating the ratio of Mn:O was 3:4. The EDX attributed that the synthesized compound was Mn 3 O 4 .
FT-IR Analysis
The FT-IR spectrum as shown in Fig. 2 [22] . Thus, the result further confirmed that the synthesized compound was Mn 3 O 4 .
XRD Analysis
The typical XRD patterns presented in Fig. 3 were identified as Mn 3 O 4 (JCPDS Card No.00-001-1127) with tetragonal crystal structure (space group 141/amd). Crystallite size of the Mn 3 O 4 NPs was calculated from diffraction peaks using the Debye-Scherrer approximation [23] . The crystallite sizes measured from the peaks (112, 103, 211, 004, 220, and 224) were averaged to obtain the crystallite size to be 21 ± 2 nm. The values of lattice parameters obtained for each plane were plotted against the Nelson-Riley function,
, where θ is the Bragg's angle [24] . A straight line fit was obtained, and the accurate value or the true lattice parameter was determined from the extrapolation of these lines to F(θ) = 0. The lattice parameters of the tetragonal unit cell were found to be a = b = 5.75 Å and c = 9.42 Å, which is in good agreement with previous report [25] .
SEM Analysis
Surface morphology of Mn 3 O 4 NPs was investigated by virtue of FESEM as shown in Fig. 4 . From the image, it can be seen that the Mn 3 O 4 particles obtained with a size of several nanometers were aggregated to large spheres. The size of the smaller particles without aggregation was in consistent with that measured from XRD data. It is, indeed, to be of high interest to obtain smaller size particles by preventing aggregation. This might be possible by using some capping agent, e.g., poly vinyl acetate [26] during the synthesis of nanoparticles.
Point of Zero Charge (pH pzc )
The point of zero charge (pH pzc ) of a solid substance means the pH at which the solid submerged in an electrolyte exhibits zero net electrical charge on the surface. Therefore, the surface properties, viz., adsorption and catalysis of the solid, can be controlled by controlling the pH pzc . Figure 5 shows a typical set of titration curves for the determination of pH pzc of the Mn 3 O 4 NPs. The titrations were carried out with NaCl electrolyte having three different ionic strengths, 0.1, 0.01, and 0.001 M. The three titration curves intersected sharply at a common point which indicated the pH pzc of the Mn 3 O 4 NPs. In the present study, the pH pzc thus determined for the Mn 3 O 4 NPs is 4.5, which is in good agreement with the earlier reported values [27] .
Decolorization of MB by Mn 3 O 4 Nanoparticles

Spectra of UV-Vis Wavelength Scan
Decolorization of MB could occur through adsorption, catalytic degradation, or oxidation by manganese oxides, since manganese can exist with different oxidation states [28] . The dominated mechanism may depend on the forms of [29] and the nature of their surface sites [30] . The decolorization of MB (30 μM, 100 mL) by Mn 3 O 4 nanoparticles (100 mg/L) was investigated spectroscopically. The decolorization of MB by Mn 3 O 4 in acidic media was carried out maintaining the media at pH 3 which was lower than that of the pH pzc . Figure 6 shows the UV-vis spectra of the 30 μM MB solution recorded at different times (0 to 240 min). In the spectrum, the characteristic peak of MB at 664 was found which is in good agreement with the reported earlier values [31] . As the reaction time was prolonged, the reaction solution gradually turned colorless and the original absorption maximum at 664 nm was gradually decreased and shifted to shorter wavelength [17, 18] indicating that MB was oxidized by Mn 3 O 4 . Zaied et al. (2011) found the presence of intermediate reaction products, azure A (AA), azure B (AB), azure C (AC), and thionine (Th) during the degradation of MB using manganese oxide and the corresponding characteristic UV-vis λ max was identified as 628, 638, 618, and 601 nm, respectively [32] . For Mn 3 O 4 after 10 min of reaction with MB, λ max became 638, which is similar to λ max of AB; after 20 min, λ max shifted to 628 which is similar to λ max of AA; after 60 min, λ max shifted to 618 which is similar to λ max of AC; and after 240 min, λ max shifted to 603 which is close to λ max of Th. The MB degradation products were further confirmed by HPLC technique.
HPLC Analyses
In order to investigate the oxidative degradation of MB, the composition of MB-degraded intermediates was detected by HPLC. According to the literature [33] , the reversed phase eluent of pH 3 buffer and methanol (45:55, v/v) was used for aqueous solution, and water/methanol (40:60, v/v) was used for enriched intermediate products. The chromatogram as shown in Fig. 7a is for the original MB solution. The intermediate products obtained from the degradation of MB with Mn 3 O 4 at different intervals of reaction time were taken for HPLC analysis, and their corresponding chromatograms are shown in Fig 7b-e . The corresponding chromatograms shown in Fig. 7b -e are for azure A, azure B, azure C, and thionine, respectively. The dye degradation process was repeated for several times, and the degraded intermediates were subjected for HPLC analysis as well. The chromatograms for the degraded products were found to be reproducible. This result suggests that, the four distinct intermediate-degraded products 
Effect of Medium pH on MB Degradation
The effect of medium pH on the MB degradation by Mn 3 O 4 nanoparticles was also investigated. The degree of degradation of the sample at different reaction times was calculated according to the following equation:
Where, A 0 (λ max ) is the initial absorbance and A(λ max ) is the absorbance at time t of MB. [34] [35] [36] [37] [38] [39] . The results also showed that the degree of degradation was enhanced in lower pH medium. It can be seen from the result that at medium pH greater than 4 (higher than that of pH pzc ), MB was not oxidized by Mn 3 O 4 [34] . Moreover, in neutral and alkali media, there was hardly any decolorization of MB [17, 18] .
It is well established that oxidative degradation of organic pollutants occurred through the formation of surface precursor complex which is closely related to the nature of surface charge. In the present study, the pH pzc of Mn 3 O 4 was determined to be 4.5. Theoretically, at pH lower than 4.5, due to protonation, the surface of Mn 3 O 4 becomes positively charged and the positive charge of the Mn 3 O 4 is increased with the decrease of pH, which does not favor the adsorption of cationic dye MB and formation of surface precursor due to the electrostatic repulsion. At pH higher than 4.5, the surface of Mn 3 O 4 becomes negatively charged due to deprotonation and the negative charge is increased with the increase of medium pH, which favors the formation of surface precursor complex due to electrostatic attraction. However, in the present study, experiments show that the degradation of MB is increased with the decrease in medium pH, which suggests that it is due to heterogeneous surface oxidation [40] . Though low pH inhibited the formation of surface precursor complex, but according to Nernst equation, high H + concentration could improve the reducing potential of the system resulting in more degradation of MB.
Kinetics of MB Degradation
The oxidative degradation of MB could be quantitatively assessed using reaction kinetics, and possible reaction mechanism can be predicted using the rate expressions obtained from kinetic modeling [40] . The pseudo-first-order kinetics was expressed in terms of Langmuir-Hinshelwood (L-H) model [41] . Figure 9 shows the plot of lnC 0 /C against t where, C represents the concentration of MB at time, t, and C 0 represents the initial concentration of MB. The kinetics of the degradation process fitted to the pseudo-first-order kinetics model well which is in good agreement with the earlier works [12, 13, 42] , where the authors reported the oxidative degradation of a number of organic pollutants with Mn oxides. In the present study, the rate constant (k) was found to be 0.0045 min −1 . In comparison, the rate constants of MB removal by akhtenskite and birnessite were only 0.0006 and 0.0007 min −1 , respectively [43] . Moreover, the higher value of k in our case reveals, the more suitability of the nanoparticles for the degradation of MB [44] .
Conclusion
Mn 3 O 4 was found to be a promising material for efficient oxidative degradation of methylene blue, and a high extent of mineralization could be achieved. It is evident that about 92% of the dye was removed by Mn 3 O 4 nanoparticles following complete demethylation of MB, forming thionine as the final product. The decolorization of MB followed a heterogeneous surface oxidation mechanism. Surface redox takes place immediately after adsorption of dye, and for this reason, it is not likely to determine the saturation concentration of MB on Mn 3 O 4 surface and the relative contribution of pure surface adsorption and oxidative degradation to MB decolorization. Suspension pH exerted double-edged effects on the decolorization of MB by influencing the formation of surface precursor complex and reducing potential of the system. At pH less than that of pH pzc , i.e., 4.5, MB decolorization increases with the decrease in suspension pH, whereas, there is hardly any decolorization of MB when suspension pH is greater than that of pH pzc (5) (6) (7) (8) (9) (10) .
